Periodically arranged metallic nanowires on top of a waveguide layer show a strong coupling between the particle plasmon of the wires and the waveguide mode. By introducing a dielectric spacer layer between the metallic structures and the waveguide layer, this coupling can be reduced. Here, the thickness of this spacer layer is varied and the coupling strength is determined for each spacer layer thickness by fitting an effective energy matrix to the energy positions of the resonance peaks. It is found that the coupling strength can be very well described by the electric field amplitude of the waveguide mode at the location of the nanowires. We carried out experiments and found very good agreement with theory and our simple model. Using this method, we achieved experimentally an extremely small mode splitting as small as 25 meV leading to very sharp spectral features. Our pathway and design for tailoring the coupling strength of plasmonic Fano resonances will enable the design of highly sensitive plasmonic sensor devices and open the door for narrow plasmonic spectral features for nonlinear optics and slow light propagation.
Introduction
Coupling between plasmonic modes and electromagnetic radiation has attracted the interest of many researchers in the recent years. Using this effect, it is possible to enhance the fluorescence of molecules [1, 2] , vibrational signal of molecules [3, 4] , magneto-optical effects in thin films [5] [6] [7] , and efficiency of solar cells [8] [9] [10] [11] and light-emitting diodes [12] [13] [14] . Plasmonic coupling has also been used for refractive index sensing [15] [16] [17] , biosensing [18] [19] [20] [21] , and gas sensing [22] [23] [24] [25] . One example of gas sensing is the detection of the hydrogen content in air [26] [27] [28] [29] . This is very important, as already a hydrogen concentration of 4% in air can lead to spontaneous combustion and explosion. For the purpose of sensing, a very narrow extinction dip is desired, as such a sharp feature increases the sensitivity tremendously [30, 31] . Therefore, it is crucial to be able to tune the coupling strength between the plasmonic resonance and the photonic resonance. In the study of Zentgraf et al. [32] , gold wires were embedded within a waveguide, and it has theoretically been shown that the coupling strength between the particle plasmon resonance and the waveguide mode follows the electric field amplitude of a transverse magnetic waveguide mode within the waveguide. However, it is quite important to place the metallic wires outside the waveguide for sensing purposes using a spacer layer of specific thickness between the wires and the waveguide, which should reduce the coupling between these two oscillators and narrow down the Fano resonance features. In this paper, we fabricated samples with different spacer layer thicknesses and determined the corresponding coupling strengths. It is found that the coupling strength can indeed be tuned using this approach. By comparing different sensor designs for hydrogen sensing, it is found that a spacer layer sensor will be superior to a sensor with embedded wires.
Results and discussion
In the first part of the paper, the influence of a spacer layer between a gold grating and a slab waveguide is examined experimentally and theoretically. The samples in this study consist of a glass substrate with an indiumtin-oxide (ITO) waveguide layer of 140 nm thickness and a gold grating on top (see Figure 1 ). The metal wires possess a width of 100 nm, a height of 20 nm, and a length of 100 μm with a grating period d x varying between 300 and 500 nm in steps of 50 nm. A silicon dioxide (SiO 2 ) spacer layer with a specific thickness t sp is located between the waveguide slab and the gold grating. To influence the optical properties of such metallic photonic crystals, t sp is varied between 0 and 350 nm in steps of 50 nm. The experiments will be verified by a theoretical model. The results of the first part of the paper will be used to develop sensor designs for hydrogen sensing in the second part of the paper.
The measured spectra are shown as black solid curves for spacer layer thicknesses t sp = 0, 100, 200, and 300 nm in Figure 2A -D, respectively. The corresponding simulated spectra, calculated using the scattering-matrix formalism [33, 34] , are plotted as red dashed curves with the parameters mentioned in Methods. The agreement between the measured and simulated spectra is quite good. The major difference is the height of the particle plasmon resonance. The decreased height of the experimental spectra might be due to inhomogeneous broadening and additional material damping in the gold. The spectra with d x = 300 nm are shown on top in each panel and those with d x = 500 nm are shown at the bottom. For the sample without spacer layer (see Figure 2A ), the optical properties can be understood as follows. The polarized light excites a particle plasmon in gold nanostructures leading to a broad resonance in the extinction spectrum [35] . This can be seen as the lower energy resonance in the spectrum for d x = 300 nm. The resonance on the higher energy side is the waveguide mode, i.e. light coupled into the waveguide slab by periodic grating [35] . This waveguide mode is strongly dependent on the grating period leading to a shift of this resonance to lower energies for larger grating periods. Due to the strong interaction between particle plasmon and waveguide mode, an anticrossing behavior can be recognized [36] . A new quasiparticle is formed, the so-called waveguide-plasmon polariton [36] . When a spacer layer is introduced between the ITO waveguide layer and the gold grating, it can obviously be seen that the particle plasmon resonance is shifted to higher energies (see Figure 2 ). This can be explained by the different dielectric surrounding of the gold structures. The change of the refractive index from a high value (n ITO for t sp = 0 nm) to a low value (n sp for t sp ≠ 0 nm) results in a shift to higher energies [37, 38] . An additional impact of the spacer layer thickness to the optical properties is the reduction of the spectral distance between the two polariton branches. By looking at the spectra in the center of Figure 2B -D corresponding to the grating period d x = 400 nm, one can recognize this decreased spectral distance. This behavior can be understood by considering the electric fields of the two modes. The electric field of the particle plasmon is mainly located at the positions of the gold wires [39] , whereas the electric field E x of the waveguide mode is concentrated within the waveguide slab with an exponential decay in the surrounding material [40] . By looking at the spatial overlap between the two electric fields, one observes that this overlap decreases for increasing distances between the gold wires and the waveguide slab. As the coupling strength between the waveguide mode and the particle plasmon is dependent on this spatial overlap [32] , an increased spacer layer thickness results in a decreased coupling strength and thus in a reduced spectral distance between the two polariton branches.
To verify this assumption, the energy positions of the extinction maxima extracted from the measured spectra in Figure 2 are depicted in Figure 3 as a function of grating period for spacer layer thicknesses (a) t sp = 0 nm, (b) t sp = 100 nm, (c) t sp = 200 nm, and (d) t sp = 300 nm. This anticrossing behavior possesses a reduced polariton splitting ΔE for an increased spacer layer thickness. To describe the anticrossing behavior, the effective energy matrix E eff of Ref. [36] for normal incidence (k x = 0) and with neglected spectral widths is assumed as follows:
Here, E wg is the normal incidence waveguide mode energy dependent on the grating period d x , E pl is the energy of the particle plasmon, and V 2 is the coupling strength between the two resonances. For the half-width of the photonic band gap V 1 , a value of 20 meV is assumed. The eigenenergies of Equation (1) given by 2 2 wg 1 P l w g 1 Pl 2
are plotted as red lines in Figure 3 . The only free parameter in Equation (2) is the coupling energy V 2 , which is fitted to the individual data sets of Figure 3 . Using this method, V 2 is identified for all spacer layer thicknesses for the measured and simulated data. The polariton splitting is obtained by calculating the minimum energy difference between the top and bottom polariton branches. As the minimum energy difference is obtained for E wg = E Pl -V 1 , ΔE is given by The polariton splitting thus obtained is depicted as a function of spacer layer thickness in Figure 4A (left scale) with the black squares corresponding to the measured data and the red circles to the simulated data. The normalized electric field amplitude |E x | of a transverse magnetic waveguide mode (see inset) is plotted in this figure versus the corresponding spacer layer thickness as the green solid line (right scale). To calculate E x , an undisturbed waveguide slab without grating coupler sandwiched between a cover and a substrate layer is assumed with the electric field decaying exponentially in the two surrounding layers. The vertical dependence of the field amplitude E x as a function of z is depicted in Figure 4B for an exemplary spacer layer thickness of t sp = 200 nm. For the thickness and the refractive indices, the parameters given in Methods for the scattering matrix calculations are used. The propagation constant β p was assumed to possess the value β p ≈1.571 × 10 7 m −1 . A similar behavior of the polariton splitting (circles and squares) and the electric field amplitude (green line) can be recognized in Figure 4A . The agreement between the simulated data and the electric field amplitude is particularly good. The deviations of the measured splitting to the simulations might be due to slightly different spacer layer thicknesses or sample imperfections. This good agreement between the behavior of the polariton splitting and the behavior of the electric field amplitude proves our assumption of the electric field overlap between particle plasmon and undisturbed waveguide mode to be responsible for the polariton splitting. To use this model to tune the coupling between a particle plasmon and a waveguide mode, it is necessary to adjust the parameters to the specific dielectric surrounding. The waveguide can be any material with a larger refractive index than the surrounding materials. The substrate and spacer layer can also be any material with a lower refractive index than the waveguide. This layer can even be a nanostructured layer with an average refractive index. The cross-section, the grating period, and the waveguide thickness need to be adjusted to tune the resonances to a specific energy position, e.g. the energy of a used laser. Last but not least, the coupling between the two resonances can be tuned by choosing a specific spacer layer thickness. Such a configuration with a specific spacer layer thickness can be used for sensing devices, making use of a very narrow extinction dip within the plasmon resonance [17, 41, 42] . For gas sensing, it is important to use materials that are sensitive to the specific gas. As tungsten oxide (WO 3 ) has a high refraction index and is a hydrogen-sensitive material, as it changes its optical properties for different hydrogen concentrations due to the gasochromic effect [43, 44] , it is used as a waveguide material instead of ITO. Using the results of the first part of this paper, three different designs for such a hydrogen sensor are compared theoretically (see Figure 5 ). A 250-nm-thick WO 3 layer serves as waveguide layer in all three cases. In all three designs, a gold grating of 425 nm period is used. However, the location of the grating is different in the three cases. Figure 5A shows a design where the gold grating is directly placed on top of the waveguide layer. In the next design, the gold grating is embedded within the waveguide layer (see Figure 5B ). Such a design was proposed by Zentgraf et al. [32] to be suitable for sensing. In the last design, the gold grating is placed on top a SiO 2 spacer layer (see Figure 5C ). However, if a continuous SiO 2 spacer layer was used, hydrogen would not be able to reach and penetrate the WO 3 layer. Thus, the optical properties of the WO 3 could not be changed, which means that such a device would not be suitable for sensing. Therefore, a nanostructured SiO 2 layer with the same grating period as the gold grating is used as spacer. In this case, an average refractive index of SiO 2 and air has to be considered, leading to a smaller refractive index than a continuous SiO 2 layer. However, this does not matter, as the average refractive index is still lower than the refractive index of the waveguide layer. The important point is that the average refractive index has to be used in the theoretical model. As the dielectric surrounding of the gold wires is different for the three designs, it is crucial to change the crosssection of the gold wires to ensure the particle plasmon to be at approximately the same resonance energy in all three cases. The first design uses a gold wire cross-section of 100 × 18 nm (see Figure 5A ), the second design uses a cross-section of 100 × 40 nm (see Figure 5B ), and the third design uses a cross-section of 160 × 18 nm (see Figure 5C ). To tune the sensor parameters and have an idea how narrow the resonances within the plasmon resonance will be, we take into account the electric field amplitude within the three layers. The electric field amplitude in the substrate and in the waveguide layer will be the same for all three sensor designs. However, the exponential decay in the cover layer of the first two designs will be in air, whereas that of the third design will be in a material with an average refractive index of SiO 2 and air. As the gold gratings in the first design are placed directly on the top of the waveguide layer where the electric field amplitude is highest, a large coupling is expected. For the next two designs, the coupling is lower, leading to narrower resonances within the particle plasmon. To have a comparable coupling strength in these two designs, the gold wires of design 2 are placed with a distance of 110 nm above the substrate and the wires of design 3 on top of a 90-nm-thick nanostructured SiO 2 spacer layer.
The simulated extinction spectra for sensors 1-3 are displayed in Figure 6A -C, respectively. The spectra were calculated for different injected charge densities using the scattering-matrix method mentioned in Methods. For the spectra without injected charge density (black solid lines), one can see that the coupling between the two resonances is comparable for sensors 2 and 3 ( Figure 6B and C) but larger for sensor 1 (Figure 6A) as expected due to the larger coupling strength. In all three sensor designs, an extinction dip is still visible for an injected charge density of 11 mC cm −2 μm −1 (red dashed lines). However, the minimum is not that pronounced anymore due to the increase of the imaginary refractive index of WO 3 . Additionally, the extinction minimum is shifted to higher energies due to the decrease of its real refractive index. As the gold wires are in direct contact to the WO 3 for sensors 1 and 2, the particle plasmon resonance is broadened and shifted to higher energies. Only for sensor 3, where the gold wires are separated from the WO 3 layer, the particle plasmon remains constant in its spectral width and energy position. This is because the dielectric surrounding of the gold wire stays the same only for this sensor. This behavior continues as the injected charge density is increased.
One possibility of a sensor design is that a monochromatic laser detects the extinction at its specific wavelength. Therefore, the energy at the extinction minimum for 0 mC cm −2 μm −1 is identified and the extinction values for all injected charge densities are observed for this energy (see vertical lines in Figure 6A -C). Note that the energy is comparable in all three cases but not identical. The evaluation is done this way so that it is possible to detect the maximum possible sensing result for each design. To design such a sensor for real applications, the particle plasmon and the waveguide mode have to be tuned to the laser wavelength for maximum sensing results. The extinction values obtained in this way are plotted versus the corresponding injected charge density for sensor 1 (black squares), sensor 2 (red circles), and sensor 3 (green triangles) in Figure  6D . Sensor 3 shows the highest difference in extinction values and thus also the largest sensitivity due to the constant spectral width and energy position of the particle plasmon resonance. The reason is that the spacer layer creates a dielectric surrounding around the gold wires that is independent from the injected charge density. This means that the best sensor design of these three sensors is actually the one with the spacer layer. Although the extinction spectra for 0 mC cm −2 μm −1 injected charge density is comparable for sensors 2 and 3, the separation of gold wires and WO 3 layer in sensor design 3 leads to a better sensitivity.
We have shown that the coupling strength of a metallic photonic crystal can be controlled by varying the thickness of a spacer layer between the gold grating and the waveguide layer. It is found that the coupling strength is linearly dependent on the electric field amplitude E x of the waveguide mode. For large spacer layer thicknesses, very narrow extinction dips can be found that can be used for sensing devices. With the help of these results, it was possible to design three different designs for hydrogen sensing with two of the designs having comparable coupling strengths. It is found that the sensor using the spacer layer is superior to the other two designs due to a dielectric surrounding of the gold wires independent from the injected charge density. Our pathway and design for tailoring the coupling strength of plasmonic Fano resonances will enable the design of highly sensitive plasmonic sensor devices and open the door for narrow plasmonic spectral features for nonlinear optics and slow light propagation. 
Methods
The samples were fabricated by evaporating the desired thickness t sp of SiO 2 onto the ITO substrate. The gold gratings in arrays of 100 × 100 μm 2 were placed on top of the spacer layer using electron beam lithography. These samples were mounted in the focus of a microscope objective (Zeiss, A-Plan, 10 ×, NA = 0.25) with linearly polarized white light as the light source. The light was normally incident on the sample with the polarization perpendicular to the wires (see Figure 1 ). After recollimation of the beam behind the sample, a pinhole with a 100 μm diameter was taken to ensure a beam aperture angle of below 0.2° (Ref. [36] ). Finally, the beam was focused onto the slit of a spectrometer (Acton Spectra Pro 500i), in which a grating with 150 lines/mm was used. The spectra were taken using a CCD camera controlled by a computer program. The simulated spectra were calculated using a scattering-matrix method [33, 34] . For the refractive indices of the glass substrate and the SiO 2 spacer layer, the constant values n sub = 1.51 and n sp = 1.46 were assumed. The measured values of Johnson and Christy [45] were used for the optical constants of gold and the refractive index of ITO can be described by Cauchy's equation: ITO 2 4 0.04435 0.00089 1.83284
where λ is the wavelength of the incident light in μm. For the refractive index of various injected charge densities in WO 3 corresponding to the injected hydrogen contents, the values given in Ref. [46] were used. For the gold wires in the simulations of the ITO samples, a cross-section of 105 × 17 nm 2 was taken, which was slightly different than the experimentally found value. However, the experimental determination of these values included uncertainties leading to deviations between measurement and theory [47] . Thus, this adjustment resulted in a better agreement between experimental and calculated spectra [47] .
